We describe a method to generate monovalent quantum dots (QDs) using agarose gel electrophoresis. We passivated QDs with a carboxy-terminated polyethylene-glycol ligand, yielding particles with half the diameter of commercial QDs, which we conjugated to a single copy of a high-affinity targeting moiety (monovalent streptavidin or antibody to carcinoembryonic antigen) to label cell-surface proteins. The small size improved access of QD-labeled glutamate receptors to neuronal synapses, and monovalency prevented EphA3 tyrosine kinase activation.
To perform single-molecule imaging in cells using dyes or fluorescent proteins, one must constantly contend with a weak signal, which typically bleaches in o10 s. Gold particles or latex beads allow stable single-particle tracking via their scattering, but are generally very large (30-500 nm) 1 . QDs are an alternative probe as they exhibit fluorescence so bright that single molecules can be imaged on an epifluorescence microscope, and their photostability allows hours of illumination without bleaching 2 . However, the full potential of QDs for cellular imaging has not yet been realized because of problems with large QD size (typically 20-30 nm for biocompatible red-emitting QDs 2 ), the difficulty of delivering QDs into the cytosol, the instability of antibody-mediated targeting of QDs and QD multivalency. Previously we addressed the problem of binding instability by targeting streptavidin-functionalized QDs to cellular proteins that were site-specifically biotinylated by E. coli biotin ligase (BirA) 3 . In this work, we addressed QD multivalency and minimized the size of biomolecule-conjugated QDs (Fig. 1a) .
QDs that are 20-30 nm can impair trafficking of proteins to which they are attached and restrict access to crowded cellular locations such as synapses 4 . A large fraction of QD size comes from the passivating layer, often a polyacrylic acid polymer or phospholipid micelle 2 . It is challenging to reduce the passivating layer without also increasing nonspecific interactions between QDs and cells, increasing QD self-aggregation and degrading quantum yield 5 . We previously synthesized a coating ligand for CdSe-ZnCdS core-shell QDs ( Supplementary Fig. 1 online) based on a dihydrolipoic acid (DHLA) head group to chelate the ZnCdS shell, 8 ethylene glycol (PEG) units to protect from nonspecific interactions, and a carboxylic acid tail to allow covalent coupling to biomolecules and to confer electrophoretic mobility 6, 7 . When we used this DHLA-PEG 8 -CO 2 H ligand to coat 605 nm-emitting CdSe-ZnCdS QD cores (Supplementary Methods online), the resulting small QDs (sQDs) had a hydrodynamic diameter of 11.1 ± 0.1 nm, not much larger than an immunoglobulin gamma antibody (9.7 ± 0.1 nm; Supplementary Fig. 2a online) . The quantum yield remained high (B40%), and the QDs were stable and monodispersed in PBS ( Supplementary Fig. 2 ).
We tested whether the reduction in QD size improved access of the QDs to neuronal synapses. We fused the rat GluR2 subunit of the AMPA-type glutamate receptor, which localizes to postsynaptic membranes, to a 15-amino-acid 'acceptor peptide' (AP) recognition sequence for biotin ligase 3 . Instead of biotinylating the AP on the neuron surface with purified biotin ligase as in previous work 3 , we used a simpler protocol in which we transfected neurons with plasmids encoding both AP-GluR2 and an endoplasmic reticulum (ER)-retained BirA construct (BirA-ER; Supplementary Methods). Using endogenous ATP and biotin, BirA-ER biotinylates APGluR2 in the secretory pathway ( Supplementary Fig. 3 online) . We detected biotinylated AP-GluR2 with either streptavidinconjugated sQDs or commercial streptavidin-QD605 (hydrodynamic diameter 21.2 ± 0.2 nm; Supplementary Fig. 2a ) and compared the staining to the localization of a post-synaptic marker, Homer-GFP (Fig. 1b) . AMPA receptors labeled with commercial QDs were hindered from entry into synapses (colocalization 24 ± 6%), whereas AMPA receptors labeled with the sQDs had significantly improved colocalization with the synaptic marker (colocalization 46 ± 7%, P ¼ 2.1 Â 10 À4 ). As expected, AMPA receptors labeled using the small-molecule dye Alexa Fluor 568 gave the best colocalization (65 ± 17%).
QD multivalency is also a grave concern, as cross-linking of surface proteins can activate signaling pathways and dramatically reduce receptor mobility 1 . One approach to preparing monovalent nanoparticles had capitalized on the low density of functional sites on polystyrene beads, achieving B70% monovalency 8, 9 . Another approach had used nickel affinity separation, but there was overlap between monovalent and multivalent particles 10 . Nanoparticles have also been separated according to the number of DNA strands attached 11 , but this adds a large size and promotes nonspecific binding to cells. Another potential solution is sub-stoichiometric derivatization so that most QDs have no ligand, some have one ligand and very few have two. However, this creates a large background of untargeted QDs that would be problematic for cytoplasmic labeling, for instance. A complete solution requires QDs uniformly functionalized with exactly one targeting group.
Commercial streptavidin-QD conjugates have 4-10 streptavidin molecules per QD, giving 16-40 biotin binding sites. To generate monovalent sQDs, we first replaced wild-type streptavidin with monovalent streptavidin (mSA), which we had previously engineered to contain a single femtomolar biotin binding site 12 ( Fig. 1a) . The next challenge was to conjugate a single mSA per sQD. Because of their negative charge (zeta-potential ¼ -25 mV), sQDs move rapidly upon electrophoresis in an agarose gel, with comparable mobility to 1 kb DNA. When we conjugated sQDs to mSA and analyzed them by electrophoresis, we observed a striking ladder of QD mobility (Fig. 2a) . Such a ladder has previously been observed after protein conjugation to QDs, but no purification or characterization had been shown 5, 13 . We purified monovalent sQDs (sQD-mSA 1 , where the subscript indicates the number of copies of mSA per sQD) from the gel by excising the band and centrifuging the sQDs out of the agarose (Supplementary Methods). Re-analysis of the purified sQD-mSA 1 by electrophoresis showed purity of 4 95% (Fig. 2a) . The hydrodynamic diameter of sQD-mSA 1 was 12.3 ± 0.2 nm (Supplementary Fig. 2a) , only 1.2 nm greater than that of unconjugated sQDs. Although the multivalent metal-affinity interaction between the 6His tag of mSA and the sQD shell is not irreversible, sQD-mSA 1 Supplementary Fig. 4 online) .
To test the valency of the gel-purified sQDs, we incubated them with mono-biotinylated DNA at various ratios and analyzed the conjugates by electrophoresis (Supplementary Methods). Unconjugated sQDs did not change in mobility, while sQD-mSA 1 shifted downward, giving a single new band at both low and high DNA concentrations, consistent with sQD monovalency (Fig. 2b) . We also assessed valency by atomic force microscopy (AFM) of monovalent or multivalent sQDs (conjugated to B6 copies of mSA) incubated with a threefold excess of mono-biotinylated DNA (Fig. 2c and Supplementary Methods). AFM showed monovalent sQD-mSA 1 particles bound to a single biotinylated DNA, but multivalent sQDs were bound to multiple DNA strands.
By imaging, we tested the impact of QD monovalency on EphA3, a receptor for ephrin involved in cell movement during development and metastasis. Previous work has shown that binding of EphA3 by multivalent ephrin-coated beads leads to EphA3 clustering and phosphorylation 14 . We labeled CHO cells expressing APtagged human EphA3 with either sQD-mSA 1 or multivalent sQDs (Supplementary Methods). sQD-mSA 1 labeled the receptor and remained diffusely localized, but multivalent sQDs clustered AP-EphA3 (Fig. 3a) . In addition, significantly more EphA3 internalized upon labeling with multivalent sQDs (44 ± 11%) compared to sQD-mSA 1 (25 ± 10%, P ¼ 0.021; Fig. 3b) , as determined by the quenching of cell-surface sQDs with trypan blue, consistent with receptor activation by multivalent sQDs.
To demonstrate the generality of electrophoretic sQD purification, we also isolated sQDs bound to a single copy of a high-affinity antibody fragment against human carcinoembryonic antigen (CEA; Supplementary Methods and Supplementary Fig. 5 online). We specifically labeled CHO cells expressing CEA with these monovalent anti-CEA sQDs. We found that proteins needed to be 450 kDa to allow electrophoretic separation of sQD conjugates according to valency (data not shown).
We applied sQD-mSA 1 to study the mobility of a mutant of low density lipoprotein (LDL) receptor with a truncated cytosolic tail, originally found from an individual with Familial Hypercholesterolemia. This mutant phenotype has been extensively investigated by following LDL, but we analyzed the behavior of the receptor itself (Supplementary Methods). We imaged single monovalent sQDs bound to the biotinylated AP-LDL receptor, as indicated by QD fluorescence intensity and blinking. The mobility of mutant receptors labeled with sQD-mSA 1 was significantly greater than that of labeled wild-type LDL receptor (P ¼ 1.6 Â 10 À14 ; Supplementary Fig. 6 and Supplementary Videos 1 and 2 online), consistent with tethering of the wild-type cytosolic tail by adaptors in clathrin-coated pits 15 .
Our method of monovalent QD separation has the advantages that it gives high purity, takes less than 30 min, uses commonly available equipment and should be applicable to any protein larger than 50 kDa. Electrophoretic separation also allows easy evaluation of the optimal ligand concentration and the success of the purification. One disadvantage of streptavidin-based protein tracking is that the expression level of the AP fusion protein must be wellcontrolled. However, our work here demonstrates a method to track endogenous cell-surface proteins without cross-linking, by purifying monovalent antibody-QD conjugates. Our strategy to make monovalent tight-binding QDs, using mSA, could be applied to other nanoparticles that show sufficient electrophoretic mobility. Controlled nanoparticle valency will also be advantageous in vivo, where cross-linking can trigger cell lysis, and for bottom-up nanotechnology. The combination of reduced size, monovalency and tight binding could help to make sQD-mSA 1 a standard tool for imaging protein dynamics at the single-molecule level.
Note: Supplementary information is available on the Nature Methods website. 
